Abstract: This article presents results from the survey conducted on Dunaszekcső loess bluff after the last major rotational sliding event in 2008. The study area is a region of 25×30 m located on loess bluff close to the recent scarp. The relative elevation change of the surface was surveyed in 2.5×5 m grid network in relation to a marked base point. The survey was conducted using simple equipment such as analogue theodolite and leveller with regular time interval during a year and control measurements were taken after six months. It was assumed that measurements to the nearest cm are sufficient to recognize vertical displacements of the surface. The study focused on identifying the pattern of general vertical movements for the study area by the relative movements of individual points. Our results show significant cm scale vertical displacements. Most of the grid points have a slow decreasing tendency, but close to the scarp a more significant displacement was found. The main character of the spatial pattern is subsidence, which is more definitive on southern part of the study area than the northern part. Our observations correlate with the broader geomorphological characteristics of loess bluffs along the Danube.
Introduction
There are three main recent landslide affected areas in Hungary [1, 2] : 1) slopes of volcanic hills and mountains, 2) hills built up by loess and clay deposits, 3) high bluffs along rivers and lakes. Among these are the recently active and hazardous high steep loess bluffs of the Danube. Six dissected bluffs characterise the marginal zone of Mezőföld Loess Plateau and Tolna-Baranya Hills south along the Danube River from Budapest. These high bluffs have been active and hazardous due to mass move- * E-mail: smafu@gamma.ttk.pte.hu ments for centuries as a result of lateral erosion caused by the Danube River. Borsy 1990 [3] puts the age of these features as younger than the last interpleniglacial because from Pest Plain to the south only the II/b terrace can be found. The former flow direction of the river was NW to SE toward Szeged in the Late Pliocene and Early Pleistocene. It had been changed from E to W gradually in the Late Pleistocene [4, 5] . These special types of riverbanks occur only on the right side of the river. It could be explained with the tectonic subsidence of Kalocsa-Mohács region [6] and Baer's law [7] .
Based on maps of the first and the second military surveys of Austro-Hungarian Empire, historical flow direction shows significant changes resulting from both natural and Figure 1 . Geomorphic sketch of Dunaszekcső (ed. by B. Radvánszky). 1 = slope; 2 = unstable slope; 3 = plateau; 4 = recent scarp; 5 = former scarp; 6 = loess wall; 7 = floodplain; 8 = former landslide; 9 = rotational slide; 10 = erosion valley; 11 = dry valley; 12 = gully; 13 = terrace; 14 = alluvial fan; 15 = stream; 16 = bridge; 17 = peninsula; 18 = deep road cut though loess; 19 = saddle; 20 = highway; 21 = Danube; 22 = study area; 23 = port; 24 = altitude point; 25 = shoreline; 26 = anthropogenic cut; 27 = slide; 28 = contour line.
anthropogenic processes. According to Somogyi 1974 [8] the Danube could form and intersect a meander within 150-200 years and thus the river has repeatedly undercut its bank in this section. The main riverbed of the Danube was obstructed at Báta in 1870 and the river was led into a branch close to the bluff [9] . After this, the recent main channel undercut the bluffs between Báta and Mohács. Based on geomorphological mapping on northern part of Báta-Dunaszekcső bluff ( Fig. 1) we could identify relict scarps and heads of landslides [10] .
The most southern steep high bluff is located between Báta and Mohács in Hungary. It is a NNE-SSW directed steep bank approximately 15 km long and 40-50 m high, (cf. Fig. 1 in [11] ). Only its 1 km long centre part was studied. Two main parts of Dunaszekcső bluff (Fig. 2) , Szent János Hill and Vár Hill (142.27 m a.s.l.) is divided by the anthropogenic "Sánc moat" [12] .
The instability of the Vár Hill arose from the geology of the loess and subaerial series (ca 100 m) containing 23-25 paleosols developed on Late Miocene lacustrine sediment (cf. Fig. 7 . in [13] ). In this section the loess series (ca 57 m) is subdivided into 14 paleosols and 1 sand strata. The underlying series (ca 40 m) are represented by sandy silt and clay and intercalated 12 paleosols and some erosional gaps [13, 14] .
A 222 m long landslide occurred on the eastern part of the Vár Hill ( This study will focus on a part of the Dunaszekcső bluff between the 1460.47-1460.87 river kilometre. The longest side of the investigated area is parallel with the scarp and its bases are approx. perpendicular to its (30x25m) extension, as trapezium (Fig. 4) .
Our opinion is the cracks on the edge zone of Vár Hill after the movement could be identified with a detailed monitoring system. We assumed that identification of recent displacements of the surface helps to predict further movements. The main goal of this study was to measure and map relative vertical displacements in cm scale and interpret movements on the younger part of recently active steep bluff at Vár Hill. We also try to introduce cost effective, simple tools and an easy method to calculate and to model the changes of relief.
Methods
Firstly, the studied area, adjacent to danger zone (Fig. 5 ) of recent landslide was marked out and measured. A base point was designated in one corner of the trapezium from where the whole area could be clearly observed. The base point was considered as stable background according to former studies of the Vár Hill [15] . Significant vertical and horizontal displacements were not detected close to base point from 3/10/2007 to 31/05/2008 (cf. point 1000 in Table 2 and Fig. 7 in [15] ). The study area was surveyed in an arbitrarily designated 'virtual' 2.5×5 m grid network. A fixed width spacing grid was used to measure relative height from base point. The edge of loess bluff (points A11, B11, C11, D9, E7 in Table 1 ) and poles of borderline of restricted area (K1-8 in Table 1 ) were also measured. Relative height is measured every month (Fig. 5) . Grid points that are perpendicular to the sliding block were marked out twice dense as parallel ones, because significant vertical displacement might be expected in EW direction. Thus relatively dense grid-points help to identify small movements, but we also strove to measure quickly and only as much as needed. Data was collected in the middle of every month ±5 days for a year in 2009. A control was made after half year. Analogue land surveying equipment were used: a Zeiss THEO 020A/010A 1-G 236b theodolite and a Sokkia SDL-50 leveller (Fig. 6 ). As the study area is small and max. distance is up to 25 m from base point, detection error limits of our measurement were less than 1 cm. Measured data was filtered to find error and statistically analysed with OpenOffice.org 3.1. Further analyses were undertaken GRASS 6.4 GIS DEM and 3D visualisation. Data was collected in the field to the nearest mm, but was later rounded to the nearest cm due to the error of horizontal settings of the equipment. Although the base point was the same for all measurements, the real elevation changes were not measured due to the lack of an adequate and easily available detailed reference system. The measurements produced relative elevation of each point from the theodolite standing on the base point. Whereas height of the theodolite from ground differed every time, thus we processed real elevation to base point from measured data after field survey. The elevation of base point was considered zero level and negative and positive values of measured data were represented in relation to it. A 3D terrain model was created from calculated data. Vector points represent every measured point in this model and the attached table contains all calculated relative elevation of each point. Relying upon these findings, a 'regularized spline tension' (v.surf.rst module) interpolation method was used with tension parameter 40 and it was visualised using an exaggeration of 3×. This algorithm produces smooth slope curves that fulfil the condition of orthogonality to contour lines better than standard grid methods [16, 17] . A 3D model was made to present the morphology of the studied area and from another aspect, a profile was drawn and interpreted along the selected line (Fig. 7, Fig. 8 ). The the following values were added regarding each measured points (Table 1 It was required to study value 'a' to give the limit of error for the whole series. We accepted a change in elevation as a real value when value 'c' was higher then fluctuation of measuring error. In our opinion value 'd' was important to justify tendencies in movements, because the magnitude of displacements were assumed to be observably higher than before. These surface changes were also thought to be significantly faster or slower at control period. Spatial characteristic of changes was studied after analyses from 'a' to 'd'. Tendency was also investigated by calculation of trend lines for each row from A to E line. 
Results
After the first survey, a detailed morphology of the study area could be drawn. Two longitudinal shallow depressions were detected in a north to south direction parallel to the edge of the bluff in the middle of the study area. More typical characteristics are the relative high elevation of the NW part and gently sloping to SE. The relative relief is up to 81 cm. Significant vertical displacements could not be detected related to the whole study area. However, a few little local displacements, ranging between 1 and 13 cm, were detected. The monthly change of relative elevation did not exceed 4 cm except at points C10 and C11 between fifth and sixth measuring campaign and at P4 between the eighth and ninth. These differences could be interpreted by the location of the points close to the edge of the bluff. Fluctuation of relative elevations detected during the first year was interpreted as displacement caused by environ- mental (moistness, temperature etc.) changes of soil. Displacements indicated by our measurements are supported by the some mm wide cracks found on the wall and terrace of a house (legend 7 on Fig. 5 ) close to the south margin of studied area near the point P4.
At control campaign the vertical displacements became definitely significant in relation to the whole study area. Most characteristic components of recognized general vertical displacement are significant but not uniform to the entire study area. The average value of subsidence was 5, 4.7, 4.3, 3.2 and 2.9 cm in A to E rows. As the Fig. 9 shows the difference from S to N between the 13 th and the average of the first 12 campaigns (F column in Table 1) decreases from ca. 6 cm to ca. 3 cm. A few significant local depressions were also detected close to the edge of bluff at point B11 (−46.6 cm). The positive value of P4 was assumed as read error on the last survey.
The main parts of trend lines derived from elevation data of each points indicates a slowly decreasing tendency. Seven points out of ten have a negative trend line in row A, seven out of eleven in row B, seven out of eleven in row C, six out of nine in row D and five out of seven in row E. Finally, it is important to note that some mm wide cracks and small depressions were found parallel to edge of bluff about 5 m from it. These are located on a 10 m long 
Discussion
Landslides of high bluffs of the Danube were investigated using different methods during the last few decades in Hungary [18] [19] [20] [21] [22] . Research or monitoring of landslide affected areas is also an important topic in the earth sciences [23] . An adequate monitoring system to detect and forecast mass movements and help to protect human life and the built environment in Hungary has not yet been established. The geomorphic setting of the Danube plays a significant role in periodic mass movements due to the river's undercutting processes. Former studies proved that landslide activity could be triggered by the fluctuation of the water level of the Danube. High water levels obstruct the outflow of subsurface water and moistens former heads of landslides, which leads to instability of the loess bluff. Moreover, the undercutting rate and loess bluff retreat can be estimated with the archaeological investigation of reconstructed plans of ancient Roman fortresses (castra) along frontiers (limes) [24, 25] . It can be calculated that the rate of bluff retreat was 40-50 m over ca 2000 years [26] . Destruction of the Eastern part of Lugio (a former Roman settlement in Dunaszekcsö) ruins shows similar bluff retreat, alothough the exact rate is not known. A similar connection is detected between landslide activity and rainy periods [27] [28] [29] . There is great oscillation of annual precipitation in the last decade in Hungary and in the study area also. According to Juhász 1999 [30] and Szabó 2003 [31] , the periodic movements of bluffs correlated with precipitation change. Újvári et al. 2009 [15] suggested a strong relationship between the last major movements in the Dunaszekcsö bluff and wet periods. Mass movements can be also caused by various natural and anthropogenic vibrations, such as earthquakes and vehicular traffic [32, 33] . Anthropogenic factors (land use change, water management, building line of the streets etc.) are emphasized in the evolution of high bluff in Dunaszekcső [12] .
According to former studies, the landslide activity is predicted by ruptures of the marginal zone of high loess bluff along the Danube. The major landslide of study area was predicted by two ruptures developed on Szent János Hill and Vár Hill in 2007. The cracks observed during fieldwork in 2009 are considered to be a sign of a future landslide.
The real surface of the study area was surveyed using a 'virtual' grid network. Thus, the measured data could be affected by variations in vegetation, volume change of soil or human footprints. The range of regular and control measured values (+8; 0) without extreme subsidence of the edge (−46.3 cm) seems to be significant, because former GPS-based investigation detected displacement rates between −0.06 and +0.01 mm during the rest period and −1.76 and +1.66 cm during the active period for the same study area [15] . However, it must be emphasised that there is no time overlap between the surveys, and individual values on their own are not considered as real movements of loess bluff.
The changing pattern of points were considered to interpret measured data. On the one hand, the pattern of values shows seasonal undulation, on the other hand, 78% of points in each grid lines (from A to E) shows decreasing and 22% increasing tendency. The seasonal undulation ranged between ±1-2 cm, and could be interpreted as the affects of seasonal variation in local environmental factors (thermal contraction, precipitation, aridity etc.). Such seasonal variability was also found in former studies [34] that investigated surface change over a long time period. However, the accuracy of the measuring methods can be debated [35, 36] , which is why rounded values and the pattern of change were analysed in this study. The maximum vertical displacement is detected on the Eastern part of the study area, and was caused by bank instability after last major movement in 2008. The identified smooth decreasing tendency of elevation of points in S-SE direction is interpreted as a sign of renewing mass movements.
Conclusions
The elevation change of virtual grid network points in the study area can be detected using a cost effective geodeticbased monitoring system. Surveying over regular time intervals allows filtering of the seasonal undulations and thus the tendency of real movements can be recognized.
Elevation change of relative dense grid network points demonstrates a pattern that refers a spatial vertical displacement. The potential future movements of the loess bluff are indicated by these vertical displacements.
The main character of the spatial pattern is subsidence, which is more definitive on the southern part of the study area than on its northern part. These observations correlate to geomorphological settings of loess bluffs along Danube. Mitigation of mass movements requires additional surveys and analyses over extended study areas with more advanced methods. 
